To test whether long-chain fatty acyl-CoA esters link obesity with type 2 diabetes through inhibition of the mitochondrial adenine nucleotide translocator, we applied a system-biology approach, dual modular kinetic analysis, with mitochondrial membrane potential (⌬) and the fraction of matrix ATP as intermediates. We found that 5 mol/l palmitoyl-CoA inhibited adenine nucleotide translocator, without direct effect on other components of oxidative phosphorylation. Indirect effects depended on how oxidative phosphorylation was regulated. When the electron donor and phosphate acceptor were in excess, and the mitochondrial "work" flux was allowed to vary, palmitoyl-CoA decreased phosphorylation flux by 38% and the fraction of ATP in the medium by 39%. ⌬ increased by 15 mV, and the fraction of matrix ATP increased by 46%. Palmitoyl-CoA had a stronger effect when the flux through the mitochondrial electron transfer chain was maintained constant: ⌬ increased by 27 mV, and the fraction of matrix ATP increased 2.6 times. When oxidative phosphorylation flux was kept constant by adjusting the rate using hexokinase, ⌬ and the fraction of ATP were not affected. Palmitoyl-CoA increased the extramitochondrial AMP concentration significantly. The effects of palmitoyl-CoA in our model system support the proposed mechanism linking obesity and type 2 diabetes through an effect on adenine nucleotide translocator. Diabetes 54:944 -951, 2005 O besity is a common finding in patients with type 2 diabetes (1-3). Numerous studies suggest that the oversupply of lipid to nonadipose tissues might result in lipotoxicity and contribute to the development of the insulin resistance syndrome and type 2 diabetes (4,5). The molecular mechanisms responsible for lipotoxicity, insulin resistance, and ␤-cell dysfunction are not fully understood. It is particularly confusing that so many processes appear to be affected at the same time, but not always to the same extent, and often in paradoxical ways.
O
besity is a common finding in patients with type 2 diabetes (1-3). Numerous studies suggest that the oversupply of lipid to nonadipose tissues might result in lipotoxicity and contribute to the development of the insulin resistance syndrome and type 2 diabetes (4, 5) . The molecular mechanisms responsible for lipotoxicity, insulin resistance, and ␤-cell dysfunction are not fully understood. It is particularly confusing that so many processes appear to be affected at the same time, but not always to the same extent, and often in paradoxical ways.
It has been hypothesized that inhibition of the mitochondrial adenine nucleotide translocator by long-chain fatty acyl-CoA esters, the active form of fatty acids, may be an important link between obesity and type 2 diabetes (6,7). Adenine nucleotide translocator is an enzyme that catalyzes the exchange of mitochondrial ATP for cytosolic ADP (8) . It was shown that long-chain fatty acyl-CoA esters are potent inhibitors of adenine nucleotide translocator from both the cytosolic and the matrix side of the inner mitochondrial membrane (9) . It was proposed that accumulation of long-chain fatty acyl-CoA esters in the cell and subsequent inhibition of adenine nucleotide translocator could lead to an increase in the matrix ATP-to-ADP ratio, membrane potential (⌬; i.e., electric potential across the inner mitochondrial membrane [out minus in]), and oxygen free radical production. In ␤-cells, like in other cells (10) , an initial increase in O 2 ⅐ Ϫ (superoxide anion radical) production could stimulate cell growth and contribute to compensatory hyperinsulinemia. Later on, sustained high levels of O 2 ⅐ Ϫ should result in a decline in ␤-cell function and viability. Moreover, the inhibition of adenine nucleotide translocator was proposed to decrease the cytosolic ATP-to-ADP ratio and shift the equilibrium of the adenylate kinase toward production of ATP and AMP.
The increase in AMP concentration should promote formation of adenosine, which in turn was reported to have both inhibitory and stimulatory effects on insulin-dependent glucose uptake (11) (12) (13) . It was hypothesized that an increased extracellular adenosine concentration could explain such pathophysiological features of type 2 diabetes as elevated levels of uric acid, increased sympathetic activity, and expansion of extracellular volume (9) . For this reason, quantification of adenine nucleotide translocator inhibition by long-chain fatty acyl-CoA esters is important to test its putative key role in the development of type 2 diabetes and associated complications.
A powerful method to quantify the effects of substances on complex systems is provided by modular kinetic analysis (rev. in 14) . Figure 1A shows how the system of interest (mitochondrial oxidative phosphorylation) is divided into three functional modules, interacting with the linking intermediate membrane potential (⌬) . To obtain a kinetic characterization of, for example, the phosphorylation module, the steady-state values of the flux through this module and the value of ⌬ are measured, whereas another module (e.g., the substrate oxidation module) is titrated with an inhibitor of that module (e.g., myxothiazol). A plot of the phosphorylation flux against ⌬ then serves as a kinetic characterization of the phosphorylation module. To determine the effect of long-chain fatty acylCoA esters on the phosphorylation module, the procedure is repeated in the presence of these esters. Interaction of long-chain fatty acyl-CoA esters with the phosphorylation module is then detected as a change in the plot of the phosphorylation flux against ⌬. Figure 1B shows a different division into two modules, with the fraction of matrix ATP as linking intermediate. A combination of these leads to precise determinations of which parts of the system are affected by long-chain fatty acyl-CoA esters and which are not.
In this study we tested part of the hypothesis that considers the effect of long-chain fatty acyl-CoA esters on adenine nucleotide translocator, ⌬, and both intra-and extramitochondrial ATP-to-ADP ratio in a model system consisting of isolated rat liver mitochondria. We tested the effect of palmitoyl-CoA, a derivative of palmitic acid, one of the most abundant long-chain fatty acids (15) . To measure the fraction of matrix ATP, we used a novel indirect method in which extraction of total adenine nucleotides is combined with determination of the extramitochondrial fraction of ATP via the kinetics of hexokinase. We found that the results supported the hypothesis.
RESEARCH DESIGN AND METHODS
Hexokinase, glucose-6-phosphate dehydrogenase, pyruvate kinase ϩ lactate dehydrogenase, and creatine kinase were purchased from Roche (Mannheim, Germany). Oligomycin, myxothiazol, atractyloside, palmitoyl-CoA, pyruvate kinase, myokinase, P 1 P 5 -di(adenosine-5Ј) pentaphosphate (Ap5A), and Fluka AR20 and AR1000 silicone oil were obtained from Sigma Aldrich. Isolation of mitochondria. Liver mitochondria were isolated from male Wistar rats (250 -300 g) as previously described (16) , using 250 mmol/l sucrose, 10 mmol/l Tris-HCl, 3 mmol/l EGTA, and 2 mg/ml BSA, pH 7.7, as the isolation medium. Protein content was determined according to Bradford (17) , with BSA as the standard. Oxygen uptake and membrane potential measurements. Mitochondria were incubated at 25°C in a closed, stirred, and thermostatted glass vessel equipped with a Clark-type oxygen electrode and a tetraphenylphosphonium ion (TPP ϩ )-sensitive electrode (A. Zimkus, Vilnius State University, Vilnius, Lithuania), allowing simultaneous monitoring of ⌬ and oxygen uptake. For each incubation the TPP ϩ -sensitive electrode was calibrated with TPP bromide to a final concentration of 400 nmol/l. ⌬ was calculated from the distribution of TPP ϩ using a TPP ϩ binding correction factor of 0.16 l/mg protein (18, 19) .
The reaction medium contained 25 mmol/l creatine and 25 mmol/l creatine phosphate (both present to allow determination of hexokinase kinetics in the identical medium, see below), 75 mmol/l KCl, 20 mmol/l Tris, 2.3 mmol/l MgCl 2 , 10 mmol/l succinate, 2.0 mol/l rotenone, and 50 mol/l Ap5A, pH 7.3. Palmitoyl-CoA was added from a 2-mmol/l stock solution in water. An ADP-regenerating system consisting of excess hexokinase (5.78 units/ml), glucose (12.5 mmol/l), and phosphate (5.0 mmol/l KH 2 PO 4 ) was used to maintain steady-state respiration rates. Finally, 100 mol/l ATP was added to initiate state 3 respiration. Determination of the adenine nucleotide concentrations. Adenine nucleotides were extracted with hot phenol as previously described (20) . The ATP concentration was measured in the water phase, using a luciferinluciferase ATP monitoring kit (Bio-Orbit, Turku, Finland), following the recommendations of the manufacturer. ADP concentration was determined in the same sample after the addition of phosphoenolpyruvate (2.0 mmol/l) and pyruvate kinase (0.45 units/ml). AMP concentration was determined spectrophotometrically using a standard enzymatic assay (21) . Measurement of the phosphorylation rate. The rate of oxidative phosphorylation was measured as the rate of glucose-6-phosphate formation by hexokinase, as previously described (22) . Glucose-6-phosphate was extracted with perchloric acid (0.7 mol/l), and samples were neutralized with a predetermined volume of 2 mol/l KOH/0.3 mol/l MOPS to a final pH of 7.0 -7.2. The glucose-6-phosphate concentration in the extracts was determined spectrophotometrically using a standard enzymatic assay (23) . Measurement of the ADP-to-O ratio. The number of ADP molecules phosphorylated per oxygen atom reduced (ADP-to-O ratio) was determined in the same medium as the oxygen uptake and ⌬ measurements, as previously described (24) . The medium containing 1 mg of mitochondrial protein/ml was supplemented with 10 mmol/l succinate, 2 mol/l rotenone, and 50 mol/l Ap5A (to inhibit mitochondrial adenylate kinase). Then, 400 mol/l ADP was added, and the increase in oxygen uptake rate was recorded. The amount of oxygen taken up during state 3 was corrected for proton leak-driven respiration at the same value of ⌬ as described elsewhere (25) . The ADP-to-O ratio was calculated by dividing the exact amount of added ADP by this corrected oxygen consumption. Determination of ATP concentration in the mitochondrial matrix. To distinguish between the medium (100 mol/l) and the matrix (circa 10 mol/l) adenine nucleotide pools, we developed a new method in which ATP concentration in the medium is deduced from the flux through externally added hexokinase. The ATP concentration in the matrix is then calculated from the ATP in the reaction medium and the total ATP (matrix ϩ reaction medium). Further in the text, we use fraction of ATP instead of ATP concentration. The fraction of ATP in the medium (r medium ) is defined as:
The fraction of matrix ATP is defined as:
Determination of the kinetics of hexokinase. The kinetics of hexokinase were determined in a system consisting of the coupled enzymes creatine kinase, hexokinase, and glucose-6-phosphate dehydrogenase (Fig. 2) . The reaction rate of hexokinase was determined spectrophotometrically after the appearance of NADPH (in the absence of mitochondria), as previously described (26) . Different steady-state rates of the hexokinase reaction were obtained by varying the amount of creatine kinase. Hexokinase steady-state rate measurements were carried out at the same temperature and in the same reaction medium as mitochondrial respiration measurements, with 12.5 mmol/l glucose and 100 mol/l ADP as substrates. For each steady state, a sample for determination of adenine nucleotide concentrations was taken. Figures 3A and B show these experimentally determined kinetics of hexokinase. The line fitted to the experimental points was used to deduce the fraction of ATP in the medium from the flux through hexokinase in the experiments with mitochondria. Determination of the fraction of ATP in the medium. In the system with mitochondria, the flux through hexokinase is estimated from the oxygen uptake rate and ADP-to-O ratio. It was crucial that the total amount of nucleotides in this experiment be equal to the total amount of nucleotides in the reaction medium in the experiments with isolated enzymes. The experimentally determined ADP-to-O ratio was 1.89 Ϯ 0.02 (n ϭ 9). The addition of 5 mol/l palmitoyl-CoA did not affect this ratio. In Fig. 3C the measured phosphorylation flux is plotted against that calculated from the oxygen uptake rate during titrations with malonate and myxothiazol. It is clear from these experiments that there are no significant variations of the ADP-to-O ratio during these inhibitor titrations. Determination of the fraction of matrix ATP. After every measurement of the steady-state respiration rate of mitochondria, samples for extraction of total ATP and ADP (matrix ϩ medium) were taken. The amount of ADP ϩ ATP in the mitochondrial matrix was determined in a separate extraction in the absence of added adenine nucleotides. The phosphorylation flux was calculated from the oxygen uptake rate after the addition of ATP (corrected for leak-driven respiration at the same value of ⌬) and the ADP-to-O ratio. Then, the fraction of ATP in the medium was derived from this rate and the kinetic characteristics of the hexokinase. From these, the fraction of matrix ATP (r matrix ) was calculated as:
The limitation of our method is that it can only be used for relatively low total adenine nucleotide concentration without introducing significant error. Also, we have noted that even in the presence of the inhibitor of adenylate kinase, some AMP was formed (7.8 Ϯ 0.3 mol/l, n ϭ 2), decreasing the sum of medium ADP ϩ ATP. We have checked that this decrease did not significantly affect the determination of the nucleotide concentrations in the matrix. Figure  3B shows that the kinetics of hexokinase in the part used for the determination of matrix ATP and ADP concentrations (0 -400 nmol ADP/min) was similar when the total adenine nucleotide concentration decreased by 10 -20 mol/l. In the hexokinase titration experiments, adenine nucleotides in the matrix and in the medium were determined after separation of mitochondria from the medium by centrifuging 0.5 ml of the sample through 0.5 ml of the silicone oil (density 1.04 g/ml) layer into 0.5 ml of HClO 4 (0.7 mol/l), as previously described (27) . Data presentation. Data are the means Ϯ SE. The listed n values represent the number of experiments performed on the independent mitochondrial preparations. Statistical differences were determined using the paired Student's t test. P Ͻ 0.05 was considered to be statistically significant.
RESULTS
Determining the site of action of palmitoyl-CoA. To determine the sites of the oxidative phosphorylation affected by palmitoyl-CoA, we applied the dual modular kinetic analysis described above. This method can be used because during measurements the system is in steady state, as judged from the time-independency of oxygenuptake flux and ⌬ (not shown). First, oxidative phosphorylation was conceptually divided into three modules connected by ⌬ as the intermediate (Fig. 1A) . Although the true connecting intermediate among the modules of the oxidative phosphorylation is ⌬ H ϩ (protonmotive force, i.e. the electrochemical potential difference for protons across the inner mitochondrial membrane [out minus in]) it was shown previously that in a reaction medium containing excess inorganic phosphate (P i ) (as in our experimental conditions), contribution of the pH difference across the mitochondrial membrane (⌬pH) to the value of ⌬ H ϩ is relatively small compared with that of ⌬ and does not change significantly under different phosphorylating conditions (18, 19, 28, 29) . Therefore, ⌬ can be Starting from state 3 (regenerating ADP by excess hexokinase and glucose) with succinate as substrate, the responses of the kinetics of each of the modules to the addition of palmitoyl-CoA were determined by titration with an appropriate inhibitor. Figure 4 shows the effect of 5 mol/l palmitoyl-CoA on the kinetic response of the three modules. We found that 5 mol/l palmitoyl-CoA exclusively inhibited the phosphorylation reaction module (Fig. 4A) . It had no significant effect on either the substrate oxidation module (Fig. 4B) or the proton leak (Fig. 4C) .
In this approach adenine nucleotide translocator is part of the phosphorylating module. To determine the effect of palmitoyl-CoA explicitly on the adenine nucleotide translocator, we applied the modular kinetic analysis a second time. Oxidative phosphorylation was divided into two modules, with the fraction of matrix ATP as intermediate (Fig. 1B) . Figure 5 shows the kinetic responses of these two modules. It is clear that 5 mol/l palmitoyl-CoA inhibited the ATP-consuming module (Fig. 5A) and had hardly any effect on the ATP-producing module (including the respiratory chain and ATP synthase) (Fig. 5B) . We conclude that the inhibition of the ATP-consuming module is caused by the inhibition of adenine nucleotide translocator because 5 mol/l palmitoyl-CoA does not inhibit hexokinase under the experimental conditions used (results not shown).
Figures 4 and 5 together show that 5 mol/l palmitoylCoA exclusively inhibits the adenine nucleotide translocator and has no direct effect on any other component of oxidative phosphorylation. Results shown in Fig. 6 support this conclusion because inhibition of phosphorylation with increasing concentrations of palmitoyl-CoA gave similar results as with atractyloside, a specific inhibitor of the adenine nucleotide translocator. Because the rate decreases with increasing palmitoyl-CoA concentration, and the palmitoyl-CoA points are on the atractyloside curve, we conclude that at a concentration between 0 and 20 mol/l, palmitoyl-CoA indeed has an exclusive inhibitory effect on the adenine nucleotide translocator module. The effects of palmitoyl-CoA on mitochondrial oxidative phosphorylation under different phosphorylating conditions. In vivo, both the redox potential input to the mitochondria and the availability of the substrate for the dephosphorylation of the ATP produced may vary depending on the state of the cell. Therefore, in addition to the situation where substrates for both respiration and phosphorylation are in excess, we considered two alternative situations that may also occur in vivo: 1) constant limiting redox-equivalent supply-flux, referring to the physiological condition where mitochondrial function is set by the supply of redox equivalents, and 2) a constant workload flux (i.e., when the extramitochondrial ATP utilization determines mitochondrial function).
The effects of palmitoyl-CoA on mitochondrial oxidative phosphorylation under three different conditions can be seen in Table 1 . A comparison between rows A and B in Table 1 shows the effects of palmitoyl-CoA on oxidative phosphorylation under conditions of constant excess of ADP and glucose and ample redox equivalent supply. The addition of 5 mol/l palmitoyl-CoA reduced the phosphorylation rate by 38% (n ϭ 16, P Ͻ 0.05) and increased ⌬ by 15 mV (n ϭ 4, P Ͻ 0.05). Because ⌬ was calculated from TPP ϩ redistribution, the values we report are estimates only (30) . The fraction of matrix ATP increased by 46% (n ϭ 16, P Ͻ 0.05). The extramitochondrial fraction of ATP decreased by 39% (n ϭ 16, P Ͻ 0.05).
The limited redox equivalent supply flux to the mitochondria can be mimicked by inhibiting electron flow in the mitochondrial respiratory chain with myxothiazol, inhibitor of complex III of the mitochondrial respiratory chain (Figs. 4A and 5A) . In row C of Table 1 , the situation is presented where the redox equivalent supply flux to the mitochondria is inhibited to a level similar to that obtained with 5 mol/l palmitoyl-CoA added. At this virtually identical electron transfer rate, palmitoyl-CoA had a much stronger effect (row B minus row C) on both ⌬ (it increased by 27 mV [n ϭ 10, P Ͻ 0.05]) and the intramitochondrial fraction of ATP (it increased 2.6 times [n ϭ 10,
The third condition we considered was that of a constant workload flux, established by the ATP-consuming branch (adenine nucleotide translocator ϩ externally added hexokinase). Different extramitochondrial ATP utilization rates were achieved by adding different amounts of hexokinase. The dependence of the oxygen uptake rate on ATP concentrations in the mitochondrial matrix (Fig.  7A ) and in the medium (Fig. 7B) , as well as its dependence on the membrane potential (Fig. 7C) , were measured. From this experiment the fraction of matrix ATP, the fraction of ATP in the medium, and the value of ⌬ at the same phosphorylation flux as in the presence of 5 mol/l palmitoyl-CoA were derived (Table 1, row D) . In contrast to the previous conditions, the differences in ⌬ and the intramitochondrial fractions of ATP (row B minus row D) were negligible. In this case the extramitochondrial fraction of ATP in the control was more than four times higher than in the presence of 5 mol/l palmitoyl-CoA (n ϭ 3, P Ͻ 0.05). From this we conclude that the effects of palmitoylCoA depend on the working conditions of the mitochondrial oxidative phosphorylation. The effects of palmitoyl-CoA on the extramitochondrial AMP concentration. AMP is produced in the reaction ATP ϩ AMP 7 2ADP catalyzed by adenylate kinase in the mitochondrial intermembrane space (31) . When there is no inhibitor of adenylate kinase in the reaction medium, it is expected that the decrease in the external ATP-to-ADP ratio caused by palmitoyl-CoA will shift the adenylate kinase reaction toward the production of more ATP and buffer the change in the external ATP-to-ADP ratio. We have tested the effect of two concentrations of palmitoylCoA (5 and 10 mol/l) on the concentration of the external (medium) AMP. The experimental conditions were as in the previous experiments with excess redox substrates and excess ADP, except that instead of 100 mol/l, we used 2 mmol/l ATP (this higher ATP concentration, which is realistic physiologically, was chosen to obtain measurable AMP concentrations). The addition of palmitoyl-CoA to mitochondria respiring on succinate indeed led to an increase in AMP concentration from 77 Ϯ 10 mol/l in control to 88 Ϯ 9 mol/l (n ϭ 3, P Ͻ 0.05) and 134 Ϯ 6 mol/l (n ϭ 3, P Ͻ 0.05) for 5 and 10 mol/l palmitoyl-CoA, respectively. long-chain fatty acyl-CoA ester concentration vary from 5 to 160 mol/l, depending on the tissue and the metabolic state of the cell (32) . Concentrations of these esters increase significantly in the fasting state and under diabetic conditions (33, 34) . Despite these findings, there is an ongoing discussion as to whether this increase in the intracellular long-chain fatty acyl-CoA ester concentration has any consequences for cellular metabolism because the free concentration of cellular long-chain fatty acyl-CoA esters is expected to be tightly regulated by both fatty acid and acyl-CoA binding proteins (35, 36) . As an example of insufficient regulation, it was reported that the concentration of long-chain fatty acyl-CoA esters in the muscle of obese Zucker rats increased three times more than the concentration of acyl-CoA binding protein when compared with lean rats (37) . This finding shows that under some conditions, the concentration of the free cytosolic longchain fatty acyl-CoA esters can also increase in vivo. Bakker et al. (6, 7) hypothesized that the inhibition of mitochondrial adenine nucleotide translocator by the increased concentration of cytosolic long-chain fatty acylCoA esters might be among the key mechanisms underlying ␤-cell dysfunction. In this study we have investigated the effect of 5 mol/l palmitoyl-CoA on oxidative phosphorylation in isolated rat liver mitochondria. Literature reports suggest that palmitoyl-CoA acts on adenine nucleotide translocator (9), but its effect on the other components of mitochondrial oxidative phosphorylation was not determined previously. To determine the sites of the direct action of palmitoyl-CoA in oxidative phosphorylation, we applied modular kinetic (or top-down elasticity) analysis. This type of analysis was previously successfully applied to determine the sites of action of different external effectors in oxidative phosphorylation (19, 38, 39) . We divided mitochondrial oxidative phosphorylation in two different ways, as illustrated in Fig. 1 . Under the experimental conditions used, 5 mol/l palmitoyl-CoA exclusively inhibited adenine nucleotide translocator, and this inhibition led to an increase in ⌬ and ATP concentration in the mitochondrial matrix. The addition of 5 mol/l palmitoyl-CoA had no direct effect on the other components of oxidative phosphorylation or on the proton permeability of the mitochondrial membrane. The latter finding also shows that there were no detergent-type interactions of palmitoyl-CoA with the membranes. Although we found a single direct effect of palmitoyl-CoA, there were many indirect effects that depended on the way mitochondrial oxidative phosphorylation was managed:
• When the substrates for both respiration and phosphorylation were in excess, 5 mol/l palmitoyl-CoA had a strong effect on both the phosphorylation rate (which decreased by 38%) and ⌬ (which increased by 15 mV). Indeed, recently it was shown that the insulin-resistant offspring of patients with type 2 diabetes had a 30% reduced rate of mitochondrial oxidative phosphorylation when compared with control subjects (40) . The effects on the external and matrix fraction of ATP were opposite: the external fraction of ATP decreased by 39%, whereas the fraction of matrix ATP increased by 46%. The conditions of this particular experiment could reflect the situation that occurs during type 2 diabetes in cell types that have insulin-independent glucose uptake (such us endothelial and ␤-cells). These tissues have excess redox equivalent supply caused primarily by increased levels of fatty acids and secondarily by hyperglycemia. Similar changes in cytosolic and matrix ATP levels in response to increased long-chain fatty acyl-CoA esters were observed by Soboll et al. (41) in intact rat liver cells. A prolonged decrease in the cytosolic fraction of ATP (as expected from our in vitro experiments) might lead to the opening of ATP-sensitive K ϩ channels, which play an important role in the insulin release in ␤-cells (42) . This effect would be amplified by the reported direct stimulation of channel opening by longchain fatty acyl-CoA esters (43) (44) (45) (46) .
• In the situation where mitochondrial oxidative phosphorylation is managed by a constant supply of redox equivalents, the initial decrease of respiration caused by palmitoyl-CoA should be overcome by an increased redox potential returning the reducing equivalent flux to the initial value. In this situation palmitoyl-CoA caused a much higher increase in ATP concentration in the matrix and a much higher increase in ⌬ than when all substrates were in excess. Importantly, now extramitochondrial ATP was not affected by palmitoyl-CoA (Table 1, row B minus row C). When the extramitochondrial ATP-consumption flux was maintained constant, ⌬ and the fractions of matrix ATP were not affected at all by 5 mol/l palmitoyl-CoA, but the extramitochondrial ATP was affected dramatically (row B minus row D).
Our experiments showed that the extramitochondrial AMP concentration increased in a palmitoyl-CoA concentration-dependent manner. Increased AMP concentration might lead to extra adenosine formation (affecting glucose uptake) (11) (12) (13) as well as activation of ATP synthesis mediated by AMP-activated protein kinase (47, 48) . The latter, however, is hindered by inhibition of adenine nucleotide translocator by long-chain fatty acyl-CoA esters. Modular kinetic analysis as applied by us may be useful more generally for (medical) systems biology. The method enables one to define the site of the molecular action of agents that have widespread effects on many functions, such as palmitoyl-CoA. It gives insight in how a single agent working on a single molecular target has a multitude of indirect effects, the relative severity of which depends on the regulatory condition. Indeed, notwithstanding its multifarious effects on functional properties such as ⌬, matrix ATP, cytosolic ATP, and AMP, the action of palmitoyl-CoA was localized unequivocally to the adenine nucleotide translocator (Figs. 4A and 5 ). Obesity and type 2 diabetes are characterized by different effects that vary depending on the tissues and individuals. This might suggest that many molecular factors and targets are involved. This article shows that a single primary molecular mechanism might still account for much of the substantial variety of the effects of long-chain fatty acyl-CoA esters in different tissues. In addition, the data presented give direct information about the relative effects on this flux of the two factors expected to determine the flux through adenine nucleotide translocator (fraction of matrix ATP and ⌬).
